its levels differ among the species and even in the varieties of same plant species. 5, 7 In recent years, mushrooming research on this evolutionarily conserved molecule has fostered the interest of the scientific community, and hence, MEL has been found to be critical for organ development, 20 root architecture, 21, 22 photosynthesis, 1 senescence, [23] [24] [25] defense, 26 and stress response in plants. 27, 28 Considering the functional similarities of MEL with different phytohormones, plant growth regulators (PGRs), and biomolecules, the crosstalk between phytomelatonin and other signaling molecules is often speculated to exist in the regulation of a wide spectrum of plant growth and developmental processes. Since the functions of phytomelatonin in plants are expanding rapidly ( Figure 1 ), a comprehensive review outlining the recent aspects of phytomelatonin functions in architecting plant growth and development is imperative. The present review is designed to summarize the information relating to recent advancements made on the exploration of phytomelatonin functions in regulating plant growth and development as well as its stimulatory actions on photosynthesis, growth, and crosstalk with phytohormones and other signaling molecules during stress and cellular redox signaling. The regulatory roles of phytomelatonin in plant immunity, phytoremediation, and plantrhizomicrobial interactions are also discussed.
| MEL METABOLISM IN PLANTS
Structurally, MEL has an indole heterocycle with a 5-methoxy group and 3-amide group as side chains. 10 Being evolutionary derived from bacteria, mitochondria and chloroplasts have the ability to synthesize MEL. 18, 29 It is presumed that MEL biosynthetic genes present in Rhodospirillum rubrum, purple non-sulfur photosynthetic bacteria, which evolved into mitochondria in eukaryotes and in cyanobacteria, which became chloroplasts, were progressively transferred to other organisms over time. 18, 29 Many reports document MEL biosynthesis in vertebrates. In animals, MEL is synthesized from serotonin, which is produced from tryptophan in two steps involving tryptophan 5-hydroxylase (Trp5H) and aromatic L-amino acid decarboxylase (AADC), where tryptophan hydroxylase acts as the rate-limiting enzyme. 21, 30, 31 The occurrence and involvement of MEL in a diverse plant physiological processes are a swiftly developing field of research. 32 Interestingly, plants have been shown to possess a high content of phytomelatonin, along with the presence of the enzymes involved in its biosynthesis. 29 Unlike animals, plants have two organelles, that is, mitochondria and chloroplasts for the synthesis of phytomelatonin. Under steady-state conditions, mitochondria and chloroplasts are continuously exposed to incessantly produced reactive oxygen species (ROS), because of their involvement in respiration and photosynthesis, respectively. 29 Therefore, the ability of plants to produce phytomelatonin in dual organelles promotes the keen interest of the plant scientists to understand the interaction of phytomelatonin and ROS under diverse processes in subcellular compartments. Plants seem to possess two different pathways for phytomelatonin biosynthesis. In the classical pathway, MEL biosynthesis operates via a tryptophan-tryptamine-serotonin-N-acetylserotonin-MEL under normal growth conditions. The other synthetic pathway, for phytomelatonin production, is referred to as an alternative route, and the order of MEL biosynthesis is tryptophan-tryptamineserotonin-5-methoxytryptamine-MEL and operates under elevated levels of serotonin. 33 All the genes, viz. tryptophan decarboxylase (TDC), TPH, tryptamine 5-hydroxylase (T5H), serotonin N-acetyltransferase (SNAT), N-acetylserotonin methyltransferase (ASMT), and caffeic acid O-methyltransferase (COMT), involved in these biosynthetic pathways, have been identified among different plant species, apart from tryptophan hydroxylase (TPH), which catalyzes tryptophan to 5-hydroxytryptophan. 33 Conversely, in vitro cultures of St John's wort (Hypericum perforatum L.) revealed the synthesis of serotonin via 5-hydroxytryptophan (5-OH) as seen in mammals, when 14 C-tryptophan was used as a substrate. 34 These results were also supported by another research group, who advocated a similar pathway for serotonin synthesis F I G U R E 1 Number of articles published on melatonin in plants from the year 1995 to 2018 (up to 5th September). Information was retrieved from web of science with key words "Melatonin in Plants" with the desired year bracket when using a rice mutant. 35 These findings suggest that this pathway is an alternative one, and the dominant pathway of phytomelatonin biosynthesis in rice is still from tryptophan via tryptamine to serotonin. This group also postulated that the phytomelatonin biosynthesis via 5-OH Trp might take place in mitochondria, since they are reported as an active site for MEL biosynthesis in animals. 35 In vitro studies using apple mitochondria showed the capacity of mitochondria to produce phytomelatonin. Additionally, subcellular localization further established that the SNAT isoform (MzSNAT5) in apple is localized in mitochondria. 36 However, the phytomelatonin biosynthesis in mitochondria in plants is a recent discovery and thus requires intensive research toward identification of this alternative pathway in other plant species. Additionally, MEL enzymes are also reported in cytoplasm, endoplasmic reticulum, and chloroplasts, which either assists or inhibits the succeeding enzymatic steps. 33 Notably, chloroplasts are considered as the dominant organelle compared to mitochondria to produce phytomelatonin in plants. Now, it is well established that serotonin, in both plants and animals, is transformed to N-acetylserotonin by serotonin N-acetyltransferase (SNAT), subsequently methylated by hydroxyindole-O-methyltransferase (HIOMT/ASMT) resulting in the formation of phytomelatonin. [37] [38] [39] Recently, in Arabidopsis thaliana, N-acetylserotonin was also shown to be synthesized via caffeic acid O-methyltransferase (COMT), rather than via ASMT; this indicates the involvement and existence of other pathways and enzymes capable of MEL biosynthesis in plants. 40, 41 Moreover, the catalysis of tryptamine to N-acetylserotonin by SNAT further supports the existence of new alternate routes for phytomelatonin biosynthesis in plant. This is of outmost significance in SNAT enzyme-deficient species. 40 As far as its catabolism is concerned, MEL is catabolized to diverse metabolites such as 4-hydroxymelatonin, 2-hydroxymelatonin, cyclic 3-hydroxymelatonin, melatonin dioxetane, AFMK, and N 1 -acetyl-5-methoxykynuramine (AMK) in kynuric pathway and 6-hydroxymelatonin, 6-sulfatoxymelatonin, 5-methoxytryptamine, 5-methoxytryptophol, and 5-methoxyindole-3-acetic in indolic pathway. 1, 42 In
was reported as a secondary metabolite after the enzymatic or non-enzymatic production from phytomelatonin. 43 Recently, more metabolites, including 2-hydroxymelatonin and 4-hydroxymelatonin, have been observed in rice. 30 It was also postulated that 2-hydroxymelatonin is a major metabolite (99%), whereas 4-hydroxymelatonin exists in very small amounts (0.05%). The functional roles of 2-hydroxymelatonin, in cold and drought stress, revealed their involvement during plant growth and development. 44 As indicated by the reports mentioned herein, the biosynthesis of phytomelatonin in plants seems more complex and involves multiple routes, as compared to their mammalian counterparts. To date, researchers have been unable to establish the omnipresent pathway for phytomelatonin biosynthesis in plants. Moreover, it is essential to explore the serotonin-independent alternate pathway for phytomelatonin biosynthesis in plants. Exploration of this pathway will surely encourage the plant scientists to manipulate phytomelatonin production in plants by removing inhibitory effects of serotonin on MEL biosynthesis. 33 More research is required to further explore the biosynthesis and catabolism of phytomelatonin in plants and would aid in identifying the other functional roles of phytomelatonin in plants growth.
| MEL BOOSTS

PHOTOSYNTHESIS, PIGMENTATION, AND PRODUCT YIELD IN PLANTS
Plants carry on photosynthesis to convert light energy into chemical energy which is later used for their growth and development. Being sessile, plants are unceasingly open to a wide spectrum of environmental stresses, which cause a substantial yield loss. Abiotic stresses, such as drought, cold, and strong light, elevated temperatures along with heavy metal poisoning, can result in the distortion of the electron transport chain (ETC), leading to photo-oxidation and sequential reduction in the photosynthetic efficiency in plants. [45] [46] [47] It is also noteworthy that these stressful environments induce ultrastructural changes, particularly in leaf mitochondria and chloroplasts; this leads to excessive production of ROS. 48 The photosynthetic effectiveness is determined by the chlorophyll content as elevated ROS causing a drop in the chlorophyll content in plants. 32 In brief, survival, growth, and development of plants fundamentally depend on the functioning of chlorophyll. Estimating chlorophyll fluorescence is a rapid, persuasive, and reliable method for determining the photosynthesis processes in plants. 49 Remarkably, the primary photosystem (PSII) of the photosynthetic machinery (F o and F o /F m value) is essential in the transformation of energy and thereby serves as an excellent marker of stress in plants. 48, 50 Clearly, it becomes imperative to alter the effectiveness of this profit-yielding mechanism for improved growth and development of plants under capricious environments.
Since it is a direct scavenger of ROS, 51 MEL alleviates stress-produced oxidative damages in plants. Meanwhile, phytomelatonin enhances the overall antioxidant ability of organelles and modulates the expression of stress-responsive genes, such as C-repeat-binding factors (CBFs) to boost the resistance in plants when challenged with diverse abiotic stressors. 52, 53 Thereby, phytomelatonin involvement in the life support system of plants becomes very essential and predictive. For instance, the application of MEL significantly induces plant growth, stimulates photosynthetic carbon assimilation, and promotes cellular protein safeguards. [54] [55] [56] Similarly, several supportive studies were undertaken to confirm the active participation of MEL in boosting the photochemical efficiency of PSII in plants. 53, [57] [58] [59] 58 The stomata are main passages for gas exchange in plant leaves and play a vital role in photosynthesis and respiration. The application of MEL leads to better stomatal conductance in apple and grape. 57, 60 Also, MEL pretreatment increases the stomatal length and width, and regulates its opening in stressed plants and sequentially improves the stomatal conductance and photosynthetic capacity. 57 Of interest is that MEL treatment of apple overcomes the debility of carotenoid and chlorophyll levels during leaf senescence. Additionally, nitrogen content, total soluble proteins, and Rubisco content increase in MEL-exposed plants. 61 In rice, the treatment with MEL causes a significant reduction in chlorophyll degradation, along with suppression in the transcripts of senescence-related genes. 62 Better seed quality is the most important factor in defining a good harvest. Different methodologies such as pre-sowing of seeds could commendably thwart diseases and pests, as well as convalesce seed viability and vigor. 63 Previous experiments advocated that exogenous MEL-primed seeds showed better vigor and germination along with improved seedling growth. 64, 65 Osmo-primed cucumber (Cucumis sativus L.) seeds 66 and hydro-primed corn (Zea mays L.) seeds with MEL 64 showed better effects on seed viability. Additionally, field assessment studies prove that MEL pretreatment of cucumber, corn, and mung bean (Vigna radiata L.) showed improved growth. 67 Seeds of corn, mung bean, and cucumber were better developed, had higher vegetation cover along with improved yield when treated with MEL. 10, 67 Similarly, more pods and seeds were observed in soybean (Glycine max L.) plants treated with MEL. 68 The pleiotropic participation of MEL is not restricted to germination, growth, and reproduction of plants, 32 but it also boosts the ripening of fruit. For example, the treatment of MEL upregulates the transcript of ethylene signal transduction-related genes and induces its production, perception, and signaling, thereby inducing fruit ripening and softening, with better pigmentation and flavors in tomato (Solanum lycopersicum L.) plants. 69 Further, proteomic analysis carried by Sun et al 70 revealed that MEL treatment improves the content of ripening related and anthocyanin accretion-related proteins.
| MEL: A KEY REGULATOR IN
PLANT GROW TH DEVELOPMENT
| Crosstalk between MEL and Auxin
Plant growth and development are a holistic process that begins with germination and continues to senescence. Roots are indispensable to plants for performing anchoring and mechanical support, water and nutrient uptake, and carbohydrate storage. [71] [72] [73] Therefore, their architecture holds significant importance for plant growth and development. The phytohormone "Auxin," determines root architecture in plants. 74 
, and corn plants. 80 Structurally, IAA and MEL share many similarities, including a planar aromatic ring, carboxylic acid-binding site, and hydrophobic transition region. 81 Additionally, both share a common precursor, tryptophan, for their biosynthesis. Interestingly, IAA is biosynthesized via five diverse pathways in plants. Of these, four are solely dependent on tryptophan, viz. indole-3-acetaldoxime (IAOx), indole-3-acetamide (IAM), tryptamine, and indole-3-pyruvic acid (IPyA) pathways. [82] [83] [84] [85] Based on the evidence, MEL and IAA could possibly co-participate in diverse physiological processes pertaining to plant growth and development, as similar structures may have similar functions. Additionally, both possess antioxidant potential as well. 81 The first promising report related to the regulatory mechanism of MEL in relation to auxin during plant growth and development was put forward by Murch et al 86 In that study, the authors used the metabolic inhibitors of auxins, serotonin, and MEL to pinpoint the possible interactions between them. It was observed that an increase in endogenous MEL content significantly induces root growth in St John's wort in vitro cultures, whereas the accumulation of serotonin, a precursor of MEL, guides shoot formation. Similarly, MEL is actively involved in shaping the root system signifying an auxin-like activity. 87 Nevertheless, in Arabidopsis, MEL regulates root growth independent of auxin signaling. 21, 88 Recent studies revealed that MEL and auxin share a dose-dependent relationship in prompting their activities while regulating the plant root development. Higher concentrations of MEL significantly reduce root meristem size, while lower concentrations of MEL augment endogenous IAA levels in Arabidopsis and mustard roots. 89, 90 Furthermore, the transcripts of YUC1, YUC2, YUC5, YUC6, and TAR2 of auxin biosynthetic genes are considerably reduced after being treated with the high dose of MEL (600 µM) along with decreased IAA levels in MEL-treated roots. 90 Interestingly, genome-wide expression profiling carried out in rice also showed a relevant increase in the transcripts of auxin biosynthetic genes, along with induced expression of many TFs related to auxin biosynthesis such as WRKY, NAC, MYB, bHLH, HD-ZIP, and ERF, when treated with MEL. 91 Based on these findings, it is conceivable that mild concentration of MEL promotes auxin biosynthesis and root development, however, high concentration of MEL antagonizes auxin function in plant growth and development ( Figure 2A ). Until now, a few genes and metabolites have been identified for phytomelatonin biosynthesis and degradation in plants which might restrict our understanding of MEL-auxin-mediated interactions in plants. Therefore, different approaches should be used to pinpoint the involvement of other critical components controlling phytomelatonin biosynthesis and signaling, and identification and characterization of novel gene(s) may shed new light on the processes involved. Additionally, efficient tools and sophisticated techniques for easy detection of MEL in plant samples need to be adopted, as the levels of MEL and auxin are key factors in regulating the crosstalk.
| Crosstalk among MEL, cytokinins, and gibberellins
Cytokinins (CKs) are involved in cell cycle regulation and influence other developmental programs in plants. 92 Endogenous levels of CK significantly modulate, under diverse biotic and abiotic stresses, and inhibit CK signaling pathways to accelerate senescence. 93 In CK signaling pathway, ARR genes act as downstream transcriptional regulators. 94 The ARR genes can be grouped into type A (A-ARR) and type B (B-ARR) according to their structural designs. 94 These ARRs regulate the communication between abscisic acid (ABA) and CK. For instance, A-ARRs (ARR4/5/6) antagonistically regulate the expression of ABI5, while interacting among their pairs. 95 Since MEL integrates with ABA during numerous biological processes, it becomes easy to approximate that MEL might have interactions with CK during plant growth and development. Exogenous application of MEL improved the endogenous levels of MEL and CK, while decreasing the ABA content under heat stress. 93 It was also observed that MEL treatment significantly upregulated the transcripts of CK biosynthesis genes and its signaling transcription factors (type B ARRs), while suppressing the ABA biosynthesis and signaling genes under heat stress. Likewise, exogenous application of MEL and CK jointly reduces dark-induced chlorophyll decline in barley leaves, which was significantly higher than CK only. 96 Heat stress effectively enhanced leaf senescence, which restricts chlorophyll production and photosynthetic functioning of leaves. 97, 98 Since, CK is implicated in natural or stress-induced senescence. Therefore, to establish a MEL and CK interaction, particularly under heat stress, Zhang et al 93 conducted an experiment in cool-season perennial grass species. Their results demonstrated that MEL reduced leaf senescence through its integration with ABA and CK or by regulating their metabolic pathways. Gibberellic acid (GA) plays crucial roles in seed germination in many plant species. [99] [100] [101] Of the total 136 diverse GAs identified in plants, 102 only a few such as GA 4 are shown to be biologically active. 103 In previous studies conducted in Arabidopsis seeds, GA20ox family genes, GA20ox1, GA20ox2, and GA20ox3, and GA3ox family genes, GA3ox1 and GA3ox2, have been shown to be involved in GA synthesis. 104 Additionally, Arabidopsis double mutant (ga3ox1 ga3ox2) seeds fail to germinate under usual conditions, while application of bioactive GA restores their germination. 99 As MEL boost growth under diverse physiological process, efforts have been made to evaluate its plausible crosstalk with GA also. Seemingly, Zhang et al 105 performed an experiment to observe MEL and GA 4 interactions in cucumber plants exposed to salinity stress. It was found that MEL significantly upregulated GA biosynthesis genes (GA20ox and GA3ox) in salt-stressed plants, especially GA 4 content ensuring the protective effects of MEL on germination under salinity by modifying the metabolism of GA 4 . The supporting evidence presented above has shown the existence of a significant crosstalk between CK, GA, and phytomelatonin under diverse environmental conditions while regulating the plant growth and development ( Figure 2B ). Furthermore, CK and GA are also involved in other processes such as shoot meristem, leaf formation, cell division, chloroplast biogenesis, senescence, seed dormancy, embryogenesis, starch hydrolysis, and DELLA proteins degradation. Clearly, more in-depth studies need to carry out to delineate the other regulatory roles of phytomelatonin in plants.
| MEL-MEDIATED STRESS AMELIORATION
| Crosstalk between MEL and ABA
Recent progress has confirmed the pleiotropic involvement of ABA in acting as a stress signal by inducing systemic tolerance in plants when exposed to various stresses. 60, 93, [106] [107] [108] It is noteworthy that several studies support a significant increase in phytomelatonin content with leaf senescence induced under various abiotic stresses. MEL has also been shown to play antagonistic roles during the onset of leaf senescence in many plant species including Arabidopsis thanliana, perennial ryegrass (Lolium perenne L.), and Bermuda grass (Cynodon dactylon L.). 52, 109, 110 Plant tolerance markedly improves against diverse stresses after the exogenous application or escalating endogenous MEL content by overexpressing its biosynthesis genes. In this case, MEL reportedly works as an antioxidant, membrane stabilizer, and regulates the expression of stress-related genes. 1 [111] [112] [113] Similarly, exogenous application of MEL enhances drought tolerance and delays leaf senescence, which is meaningfully correlated with decreased ABA content and the suppressed expression of genes involved in ABA pathway. 60 Additionally, exogenous MEL substantially improves the expression of heat-shock factors (HSFA1s), the key regulators of heat stress responses. 114 Moreover, HSFA1s factors were also induced via ABA signaling pathway. 115, 116 Therefore, co-participation between ABA and MEL signaling on HSFA1s further provides significant evidence toward their probable crosstalk in conferring plant tolerance toward heat stress. Furthermore, MEL treatment quickly improves ABA levels in the leaves of both Elymus nutans genotypes when exposed to cold stress. 106 These findings suggest that exogenously applied MEL enhances cold tolerance via inducing its endogenous production, subsequently serving as a second messenger 
| Crosstalk among MEL, glutathione, and osmolytes
Reduced glutathione (GSH) provides shielding against oxidative stress. GSH is present in diverse cellular compartments, viz. cytosol, chloroplasts, endoplasmic reticulum, mitochondria, and vacuoles. Structurally, GSH contains a thiol group and regulates diverse cellular and metabolic processes in plants, including sulfate transport, signal transduction, synthesis of proteins and nucleic acids, synthesis of phytochelatins, metal chelation, and expression of stress-responsive genes. 137 Moreover, glutathione reductase (GR; EC 1.6.4.2) regulates the pool of reduced/oxidized glutathione (GSH/ GSSG) in the cell. 138 Reduced glutathione is noted for its role in H 2 O 2 signaling. 139 Credible evidence has been advanced that MEL not only scavenges ROS, but can also improve cellular levels of antioxidants such as GSH. 140 oxidative stress tolerance in cucumber. 140 An active synchronization among NO and MEL in modulating GSH levels and GR activity in sunflower seedling was observed when they were exposed to salt stress. 142 Phytochelatins (PCs), a small peptide family (γ-Glu-Cys)n-Gly (n = 2-11), are synthesized from GSH. Exogenously applied MEL-ameliorated Cd toxicity in tomato plants was correlated with enhanced H + -ATPase activity, along with the elevated levels of GSH and phytochelatins. 28 In summary, MEL induces GSH levels to detoxify H 2 O 2 in plants and this mechanism is presumed to be dependent on concentration, time, and species under observation. Polyamines (PAs) are low molecular weight aliphatic amines, which are reported to perform critical functions in plants such as preservation of the integrity of membranes, maintaining the structure of nucleic acids and proteins, as well as ensuring enzyme activities under stress conditions in plants. 108, 143 Interestingly, exogenously applied
PAs significantly increase NO production in Arabidopsis plants. 144 Therefore, it was proposed that NO plays a key role in polyamine-mediated signaling pathways. On similar lines, Zhou et al 136 provided concrete evidence documenting that exogenous applied MEL improves plant Fe deficiency tolerance in Arabidopsis plants via increasing polyamine-mediated NO production. MEL was shown to induce PA metabolism in cucumber plants while conferring chilling tolerance with the co-participation of ABA via modulating the transcripts of genes regulating ABA metabolism. 108 Additionally, MEL treatment significantly induces resistance toward cold tolerance by promoting high levels of cellular redox homeostasis of the AsA-GSH cycle by scavenging ROS in melon together with the triggering of augmented proline and soluble protein content. 145 This evidence effectively supports the participation of phytomelatonin in cellular redox signaling while conferring stress tolerance in plants ( Figure 2E ).
| MEL REGULATES PLANT IMMUNIT Y
Phyto-pathogenesis is worldwide problem and poses a major menace to current and future food security. Being constantly exposed to a diverse range of microbial pathogens in their natural habitat, plants must develop specific tactics to counteract these pathogens. In vertebrates, MEL is reported to regulate diverse physiological functions, such as Alzheimer's disease, 146 anti-inflammatory effects, 147 and it supports innate immunity, 148 and skin integrity. 149 Since MEL is an evolutionary conserved molecule, it is ubiquitously distributed in plants 10 ; therefore, it becomes obvious to speculate on the probable roles of MEL in plant immunity. Plant innate immunity is an indispensable tool in guiding the plant-pathogen interaction. The entry of pathogens to the subsequent instigation of defense responses, and disease symptom progression, is principally barred by numerous barriers existing on plant surface, viz. waxy layers, cell walls, antimicrobial enzymes, or secondary metabolites. [150] [151] [152] After pathogens successfully overcome these barriers, plants induce a defense response by eliciting two organized mechanisms, viz. microbial or pathogen-associated molecular patterns (MAMP/PAMP)-triggered immunity (MTI/PTI) and effector-triggered immunity (ETI) or R-gene-based immunity. 152 Plants also undertake other defense responses in the distal parts at the infection site to protect the unscathed tissues against the attack of the pathogen; this is known as systemic acquired resistance (SAR). 153 This induces a surge in the accumulation of endogenous salicylic acid (SA) and upregulation of many defensive gene encoding PR proteins. 52, 154, 155 PRs are small proteins (PR1, PR2, and PR5) and hold antimicrobial or antifungal properties. These PRs proteins are stimulated by SA, thereby serving as a vital indicator for signaling in plants. 156, 157 Recently, a protective role of gene silencing that explicitly degrades viral-RNA through RNA interference (RNAi) during the initial period of infection in plants has been advanced. Plants predominantly possess two distinctive gene silencing mechanisms, viz. transcriptional gene silencing (TGS) and post-transcriptional gene silencing (PTGS), 152 which employ small regulating RNAs (sRNAs) to specifically degrade the invading nucleic acids. 158 The protective and regulatory roles of MEL in plant immunity under diverse conditions have been discovered. Exogenous applied MEL in plants upregulated the transcripts of diverse plant defense-responsive genes. 141, [159] [160] [161] For instance, MEL treatment is reported to improve the resistance toward Marssonina apple blotch (Diplocarpon mali)in apple (Malus domestica Mill.) leaves. 162 The interaction between SA and NO has been commonly observed during biotic stress. [162] [163] [164] However, their relations with phytomelatonin during pathogenic infection is still unclear. Recently, Shi et al 133 have observed a significant reduction in endogenous content of phytomelatonin in Arabidopsis after being infected with bacteria Pseudomonas syringae pv. tomato (Pst DC3000). It was noticed that induced endogenous phytomelatonin triggers the transcripts of SA-related genes through NO production to initiate the innate immunity response against a bacterial pathogen in Arabidopsis plants. Likewise, Lee et al 160 also evaluated the inhibitory effects of exogenously applied MEL (10 µmol/L) toward the proliferation of infectious Pst DC3000. In this case, MEL successfully induced the transcripts of defense-related genes (PR1, PR5, PDF1.2) and the shielding action of MEL was manifested by the coordinated signaling between SA and ET. Mitogen-activated protein kinase (MAPK) cascades are involved in diverse signaling pathways triggered in response to abiotic and biotic stresses in plants. 165 Particularly, 160, 168 These evidences have advocated that MAPK signaling, SA, NO, ET, JA, and H 2 O 2 along with their interactions are important in conferring MEL-mediated plant innate immunity responses. Despite the recent development in the field of MEL-regulated plant innate immunity, the field still holds many challenges, including the identification of hierarchical linkage between different genes during pathogen perception. Also, it is essential to pinpoint the participation of MEL and its metabolites in regulating the various upstream/downstream signaling cascades, while triggering the plant innate immunity. Such discoveries will undeniably open new paradigms in the field of plant innate immunity.
| MEL REGULATES PLANT-RHIZOMICROBIAL INTERACTIONS
Evolutionary evidence has suggested that many land plants establish symbiotic relations with diverse microbes, such as bacteria, fungi, and actinomycetes, all of which can dwell in their roots and other organs. [169] [170] [171] [172] Studies have established the beneficial aspects of plant-microbes 173 in terms of providing a shield against phyto-pathogens 174,175 while negating the ill effects of stresses. 176, 177 In their natural habitat, plant tissues are often inhabited by numerous microbes that are important in providing resistance from phyto-pathogen infections 175, 178 and improve growth via nitrogen fixation 179 and phosphorus solubilization. 180 These microbes also provide phytohormones such as ABA, jasmonic acid, GAs, auxin, and CKs to their host plants. 171, [181] [182] [183] [184] [185] [186] [187] [188] Since endophytes are pivotal in plant micro-ecosystems and often deliver plant hormones to their host, one can also easily speculate regarding the capabilities of endophytes in producing MEL.This presumption is easily supported by the presence of MEL in microorganisms, such as photosynthetic bacteria , 189 E coli , 190 and fungi. 6, 191 Since, MEL biosynthesis is evolutionarily preserved, its biosynthesis might be inherited from bacteria in eukaryotes due to endosymbiosis. 29 To further support this notion, bioinformatic studies have provided reliable evidence pertaining to the occurrence of MEL biosynthesis enzymes in bacterial genomes. 192, 193 Few studies have been undertaken to confirm the active involvement of MEL in plant-microbe interactions. Endogenous MEL production in fungi genus of Trichoderma spp, viz. T koningii, T harzianum, T asperellum, T longibrachiatum, and T viride, under H 2 O 2 , sodium chloride (NaCl), copper sulfate (CuSO 4 ), and cadmium chloride (CdCl 2 ) stress, has been studied. 194 Findings clearly validate a direct association between the onset of stress and endogenous phytomelatonin production in Trichoderma spp Interestingly, Jiao et al 195 also confirmed the production of MEL and tryptophan-ethyl ester in root-dwelling bacteria from three grapevine varieties under laboratory conditions. It was found that the SB-9 (Bacillus amyloliquefaciens) strain, endophytic bacteria, possess the maximal ability for the in vitro MEL production along with the secretion of other intermediates related to its biosynthesis pathway. This production was further increased when challenged with salt or drought stress. SB-9 not only increased the in vitro phytomelatonin production but also negated the ill effects of salt and drought stress. Therefore, it becomes clear that endophytic bacteria have the potential for MEL synthesis via host-plant interactions. The enhanced in vitro MEL biosynthesis in the roots of different grape cultivars by endophytic bacterium Pseudomonas fluorescens (RG11) under salt stress conditions has been observed. 171 This study further adds to the existing knowledge on endogenous phytomelatonin biosynthesis by rhizobacteria in plants when exposed to abiotic stress. The recent studies have provided strong evidence of in vitro biosynthesis of phytomelatonin by plant-rizhomicrobial populations and suggested MEL as a key component in developing this symbiotic relationship. This notion is supported by extremely permeable nature of MEL, which makes it proficient in crossing cellular boundaries of different organisms. 196 It is still uncertain whether the improved content of endogenous MEL in their roots was derived directly from endophytic microorganism or whether these organisms acted as a stimulus for initiating phytomelatonin synthesis in their host plants. Furthermore, the MEL biosynthetic capacity of many endophytic microbes is still unknown; thus, whether the potential for inducing endogenous MEL is common to all or restricted to specific organisms must be examined. Hence, more in-depth exploration is required in addressing the quest of MEL biosynthesis and their symbiotic relationships.
| KANWAR et Al. 43, [213] [214] [215] [216] This observation suggests the probable roles of phytomelatonin in phytoremediation due to its high levels in plants.
| MEL RECEPTORS IN PLANTS
The first report in this field was published by Tan et al, 43 where high contents MEL and AFMK were observed in water hyacinth and a positive correlation between MEL content and the tolerance capacity of plants toward toxic pollutants was established. In a related study, tolerance capacity of pea plants significantly improved after supplementation with MEL when exposed to a heavy metal. 217 Exogenously applied MEL appreciably reduced cadmium (Cd) content in the leaves of tomato via modulating the activities of H + -ATPase activity, glutathione content, and phytochelatins, documenting its active involvement in the translocation of Cd metal ions in plants. 28 Pretreatment with MEL not only increased endogenous phytomelatonin content, but also decreased Cd accumulation via modulating the activity of heavy metal transporters. 218 In a comparative analysis, the effects of MEL on growth and Cd uptake in Malachium aquaticum (Cd accumulator) and Galinsoga parviflora (hyperaccumulator) were observed. 219 It was found that MEL application significantly reduced the Cd content in M aquaticum shoots, and in G parviflora, suggesting active involvement of MEL in improving remediation efficiency of plants. Similarly, MEL application lowered the concentration of vanadium in the leaves and stem of watermelon plants by reducing its translocation from the root to shoot. 220 This evidence has shown the active involvement of exogenous/endogenous MEL in supporting phyto-remediative capacities of plants by restricting the mobility in the rhizosphere and aerial parts, along with boosting the activities of other key processes such as vacuolar transporter, phytochelatins, and GSH which are further involved in the sequestration and detoxification of these pollutants in plants. Furthermore, the remediation efficiency of plants is directly correlated to higher biomass and improved tolerance of plants to toxic pollutants. These studies have also illustrated the stimulatory effects of MEL on biomass and antioxidative defense machinery. Therefore, the application of MEL seems a handy option for cleaning the toxic pollutants from the environment by improving plant phyto-remediative capacity.
| GENETIC MODIFICATION OF MEL BIOSYNTHESIS GENES LEADS TO IMPROVED PHENOT YPE AND STRESS FORBEARANCE
Crop production has been markedly compromised due to climate change. Conventional breeding programs were primarily directed toward escalating yield, but these programs have become less effective recently due to the complexity of stress tolerance traits. Hence, plant scientists have continuously put effort to improve plant growth under diverse environmental conditions including stresses, insects, and disease onset, without compromising yield and nutrient efficiency. 221 To accomplish this, it will be necessary to map suitable phenotypes in all stages of plant growth and development, which can be further used to design better plants. During evolution, many organisms have developed specific traits that facilitate their survival under hostile environments, and thus, the gene(s) responsible for these traits can be introduced to other plants. 222 Therefore, transgenic approaches can be employed to develop plants with better yield, improved quality, and resistant to abiotic and biotic stresses. Phytomelatonin concentrations within cells are highly sensitive to external stimuli and are rapidly altered under diverse stresses. 85 Plant species with high MEL levels have revealed elevated stress tolerance refereeing MEL regulatory roles in diverse developmental processes such as flowering, fruiting, rooting, biomass, yield, and senescence in stress-affected plants. 85 Thus, endogenous manipulation of MEL biosynthetic genes seems to be an effective approach to obtain the desired benefits. The overexpression of TDC delays senescence in transgenic rice. 223 The suppression of TDC expression by RNA interference (RNAi) led to a reduction in serotonin production and advanced the senescence process. The ectopic overexpression of AANAT isolated from Chlamydomonas reinhardtii was overexpressed in the Micro-Tom tomato, which effectively increased MEL content. 224 Likewise, ectopic overexpression of human serotonin N-acetyltransferase gene (SNAT) in rice improved endogenous MEL concentrations and raised chlorophyll production under cold stress. 225 Furthermore, the overexpression of ovine AANAT in rice exhibited improved seminal root elongation, 226 seedling growth, 227 and better resistance toward herbicide-induced oxidative stress. 228 Microarray analysis conducted in transgenic rice overexpressing sheep serotonin N-acetyltransferase significantly confirmed the downregulation of senescence-related proteins. 159 In Nicotiana sylvestris transgenic plant, expression of AANAT and HIOMT genes raises the MEL content and thus provides a shield against UV-B-induced DNA damage. 229 Likewise, in transgenic Micro-Tom tomato plants, overexpression of the homologous ovine AANAT and HIOMT genes causes the loss of apical dominance and improved drought tolerance. 230 In other studies, overexpression of MzASMT1 in Arabidopsis appreciably lowered ROS production and thus the plants exhibited better tolerance toward drought stress than wild-type plants. 231 Relatedly, the ectopic expression of MzASMT9 gene in Arabidopsis improved the MEL content followed by improved salt tolerance, as shown by reduced ROS, lowered lipid peroxidation, and enhanced photosynthesis activity compared with wild-type plants. 232 In contrast, rice plants overexpressing rice SNAT1 (OsSNAT1) did not exhibit improved seedling growth like ovine SNAT overexpressing transgenic rice plants.
Conversely, OsSNAT1 transgenic rice plants showed improved grain yield and exhibited considerable resistance to Cd and to senescence, phenotypes which were not apparent in ovine SNAT overexpressing rice plants. 233 MEL transgenic plants have altered/interacted with other phytohormones/PGRs to further regulate diverse developmental processes under stressful environments. For example, riceASMT-mRNA is significantly expressed after ABA and methyl jasmonic acid treatments, indicating the prospective participation of MEL in response to different stresses. 38 Recently, due to the SNAT2 gene in transgenic rice, MEL was shown to be a positive regulator of dark growth (skotomorphogenesis) by regulating BR biosynthesis. 234 The collective evidence has undoubtedly supports the notion that transgenic plants expressing MEL biosynthesis genes have yielded better phenotypes, improved yield and tolerance abilities, and enabled plants to better survive under hostile condition. Furthermore, the consumption of food crops with an elevated level of phytomelatonin obtained via transgenic approaches seems to be beneficial to animals/humans because of their direct antioxidant potential, as MEL has a very high safety levels. 67, 235 However, the available scientific data on MEL transgenic plants have been derived from few plants species including rice, 38, 227, 233 Arabidopsis, 231, 232 and tomato. 224, 230 Thus, for a better understanding of MEL function, genetic manipulation studies must be extended to other plant species.
| KANWAR et Al.
| CONCLUSIONS AND FUTURE
PERSPECTIVES
The occurrence of relatively high levels of MEL in plants has dragged the interest of the plant scientists to explore its regulatory roles in plant growth and development. Different cellular organelles such as mitochondria and chloroplasts in plants are involved in phytomelatonin biosynthesis. Recent outcomes have also revealed the occurrence of MEL biosynthetic enzymes, in cytoplasm, and endoplasmic reticulum, signposting their association in MEL biosynthesis. However, it is still ambiguous whether the MEL biosynthesis in these cellular compartments varies according to plant species, type of stress, and concentration of serotonin in plants. Additionally, plant roots are still unexplored for the detection of MEL. Likewise, the detection of phytomelatonin in vascular tissue should also be scrutinized to comprehend MEL roles in nutrient transport and assimilation processes. Lately, phytomelatonin status has been changed from ROS scavenger to a multiregulatory molecule stimulating vital physiological processes in plants under capricious environment (Figure 3) . Since, most of these effects are concentration dependent; therefore, efficient techniques for easy detection of MEL in plant samples need to be adopted. Phytomelatonin receptor is another exciting field to explore. After the discovery of Despite the captivating discoveries in the field of molecular and metabolic mechanisms by which phytomelatonin regulates plant growth and development, the field still holds countless enduring challenges, including the identification of new receptor(s), chaperons, TFs, and other crucial players including MEL metabolites performing explicit functions in regulating the various upstream/ downstream signaling cascades in plants cladding stressful conditions. Underpinning this information using MEL mutants/OE plants will undeniably open new paradigms of phytomelatonin potential in architect the plant growth under capricious environments, especially for sustainable agriculture.
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